In the present study, a numerical model that simulates species competition between the toxic dinoflagellate Alexandrium tamarense and the non-toxic diatom Skeletonema costatum was constructed using data from a number of experiments and field observations. In the model, not only vertical migration of swimming cells but also the encystment and excystment processes of A. tamarense were taken into consideration. Sinking of S. costatum cells was also considered. Both zooplankton and oysters, which are intensively cultured in this bay, feed on the phytoplankton but the contribution of grazing to the decrease in the cell densities of both species was small. The model predicts that while sinking is one of the major processes that reduce the cell density of S. costatum, encystment of A. tamarense is a crucial process that determines the cessation of blooms of this dinoflagellate. Advection and diffusion are also important physical processes that affect, in positive and negative ways, the fluctuation of cell densities.

M E T H O D Field observations
Data on temperature and salinity were collected with a Conductivity-Temperature-Depth (CTD) system (Parteck Inc.) at seven stations in northern Hiroshima Bay and the adjacent area every week from March 4 to June 3, 1996 ( Figure 1 ). Seawater samples were collected from 0, 5 and 10 m depths and from 1 m above the bottom at these stations. From each depth a 1 litre seawater sample was fixed with formaldehyde (1% final concentration) for subsequent phytoplankton identification and counts. Dominant phytoplankton species were also identified for the seawater samples with no fixation immediately after sampling. Zooplankton were collected by vertical haul of a plankton net (Rigo Co., 5504-A, NXX17, 100 µm) from 10 m to the surface, and identified and counted.
Surface-water samples were also collected from a station located at the mouth of the Ohta River (Stn R), which empties into the innermost part of the bay. Both the seawater and the river-water samples were filtered through membrane filters (Millipore, Millex-HA, 0.45 µm), and phosphate, silicate, nitrate, nitrite and ammonia concentrations in the filtrate were analysed using an autoanalyser (Bran-Luebbe, Traacs-800). For all parameters collected at each station in the sea, values were averaged in the upper 5 m layer and the lower layer from 5 m to the bottom by a trapezoidal procedure to compare with the model outputs.
Physical part of the model
To represent the water movement in the northern part of Hiroshima Bay, we adopted a two-layer box model that divides the area into four boxes (Box1U, Box1L, Box2U and Box2L representing the innermost upper and lower layers and the offshore upper and lower layers, respectively). Kure Bay connecting to Box1 was also divided vertically into two boxes (Box3U and Box3L) as suggested by Yamamoto et al. (Yamamoto et al., 2000b) . We determined that the depth of the interface between the upper and lower boxes was at 5 m where observations of the vertical density structure roughly indicated the existence of a pycnocline. Salinity budgets among boxes and boundaries are expressed as follows. Parameters used in the box model are listed in Table I . Subscripts put to each parameter denote box number (1 and 2) or layer (U and L). In the box model, water exchange is expressed as a combination of advection and diffusion. We took the estuarine circulation driven by river discharge into account as an important advection term as suggested by Yamamoto et al. (Yamamoto et al., 2000b) . Data on river input were cited from reports of the Japan River Association (Japan River Association, 1998). Since the station where the river water flow rate is monitored is located at ca. 5 km upstream of Stn R, the flow rate was multiplied by 1.11 according to considering the catchment area downstream of the station. Precipitation data were cited from the Hiroshima Weather Observatory (Hiroshima Weather Observatory, 1996a,b,c,d) . For both the river flow rate and the precipitation, we referred the data on a daily basis. Evaporation was calculated from daily wind velocity, air temperature and humidity (Hiroshima Weather Observatory, 1996ab,c,d) according to the formula provided by the Japanese Society of Construction (Japanese Society of Construction, 1985) . Both horizontal (Kh) and vertical (Kv) diffusion coefficients were determined by iteration, changing Kh and Kv serially so that the salinity (S) difference between the calculated value and the measured value became minimum for all boxes. For details of this method, refer to other papers (Yamamoto and Okai, 2000; Yamamoto et al., 2000b) .
Nutrient loadings
Phosphate and silicate loads from the river were estimated by multiplying the observed concentrations at Stn R by the daily freshwater input described above. Anthropogenic phosphate input that comes from factories located at reclaimed areas of the river mouth was also taken into consideration by doubling the amount from the river according to Nakanishi (Nakanishi, 1977) . Phosphate load from rainfall was estimated from the phosphate (Yuasa, 1991) together with the records of precipitation mentioned above. No silicate input from the atmosphere was considered. Benthic flux of phosphate and silicate were cited from Yamamoto et al. (Yamamoto et al., 2000a) who estimated them using the flow-through system. Parameters relating to the nutrient loads and their concentration in the sea water are also listed in Table I . The riverine phosphate loads (1.7 ϫ 10 4 -8.2 ϫ 10 4 mol P day -1 ) in the study period were slightly higher than those by the estuarine circulation (1.0 ϫ 10 4 -4.7 ϫ 10 4 mol P day -1 ). Phosphate load from the bottom sediment (-4.5 ϫ 10 3 -4.2 ϫ 10 3 mol P day -1 ) and rainfall (2.2 ϫ 10 1 -8.7 ϫ 10 1 mol P day -1 ) were much lower than the phosphate loads by the riverine input and by the estuarine circulation. Seasonal changes in these different sources and their contributions to the system will be examined in other papers. For example, the monsoon brings much rain in early summer just after the study period; this would be an important process affecting the material circulation in Hiroshima Bay.
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To calculate the phosphate and silicate budget by physical processes, the values of Kh and Kv, along with advective processes obtained from the salinity budget above, were applied for their exchange among the boxes and boundaries. The same exchange processes were also applied for phytoplankton population and other particulate matter as described below.
Physiological and ecological part of the model
In this study, we prepared four compartments to describe the competition between phytoplankton species; two dominant species (A. tamarense and S. costatum) along with the other flagellate composites (F) and the other diatom composites (D) (Figure 2 ). The growth of A. tamarense and S. costatum was related to the availability of phosphate (<0.1 µM during most of the period, sometimes less than the detection limit of 0.02 µM). The growth of the latter species was also related to the availability of silicate, although a sensitivity analysis carried out in the other paper revealed in fact that the silicate (always >5 µM) was not growth limiting. Nitrogenous nutrients were not taken into consideration in the present model, because the ratio of dissolved iorganic nitrogen (DIN) to dissolved inorganic phosphorus (DIP) in the river water (DIN:DIP 51-490) was much higher than the Redfield ratio during the study period, nor was the ratio in sea water less than the Redfield ratio, with only a small exception in the lower layer. Encystment and excystment processes along with vertical migration of A. tamarense were considered in the model. Sinking was also considered for S. costatum. All parameters used in the model are summarized in Table II. The growth rates (µ; day -1 ) of A. tamarense and S. costatum were described as functions of temperature, salinity, light intensity and nutrient concentrations.
Where, µ N and µЈ Nmax are the specific growth rate and the maximum when the cellular nutrient is infinite. µ T and µ Tmax , and µ S and µ Smax , are the specific growth rates and their maxima on temperature and salinity, respectively (day -1 ). µ I and µЈ Imax are the specific growth rate and the maximum when the light intensity is fully saturating (day -1 ).
Results from the experiments revealing the effect of temperature (T ) and salinity (S) on the growth of A. tamarense (Yamamoto and Tarutani, 1997) were used to construct the polynomial equations:
Similarly, the polynomial equations for S. costatum were constructed using the experimental results of Tsuruta et al. (Tsuruta et al., 1985) :
The salinity was obtained as ‰ from the literature. We took the values in ‰ to be the same as the values in psu from the field observations in the present study. The right-angle hyperbolic equation presented by Yamamoto and Tarutani (Yamamoto and Tarutani, 1997) was used for the growth response of A. tamarense to light intensity. The experimental data of Langdon (Langdon, 1987) was used to construct the growth-response curve of S. costatum to light intensity.
Where, I is the light intensity (µmol m -2 s -1 ), I 0 is the compensation light intensity (µmol m -2 s -1 ), and K I is the light intensity at µ I = µЈ Imax /2 (µmol m -2 s -1 ). A time-dependent sinusoidal curve was applied to the light intensity at the sea surface, E(t) = Em ϫ sin(t/N ), according to Kirk (Kirk, 1994) , where N is the day length (s) and t is the time after sunrise. Em is the irradiance at solar noon, which is calculated from the monthly average values of the daily insolation, Js [(National Astronomical Observatory, 1999) ; Js = 2N ϫ Em/]. Reflectance of the incident light at the sea surface, r, was calculated by Fresnel's equation (Kirk, 1994) , and the light intensity just below the sea surface, I s , was estimated as I s = E(1-r). Then, the underwater light intensity was calculated assuming that the light intensity diminishes exponentially with depth, I = I s ϫ exp(-kz). Daily values for the attenuation coefficient (k) were estimated by interpolating the data collected using an underwater spherical quantum meter (QSP-200L, Biospherical Instruments Inc.) at Stns H1, H3, H4 and H5 in January, May and August 1996. We generated the average value for the upper layer integrating from the surface to 5 m and that for the lower layer integrating 5 m to the bottom at every 1 min time step. The truncation model (Dugdale, 1977; Dugdale et al., 1981) was used to describe the uptake of P and Si. It has the same form as the Michaelis-Menten equation but can describe the time lag between uptake and assimilation processes. For P uptake:
where p and pmax are the phosphate uptake rate and its maximum (µmol P cell -1 h -1 ), respectively. DIP is the phosphate concentration in the surrounding water (µmol P l -1 ), and K p is the half-saturation constant for phosphate uptake (µmol P l -1 ). For the truncated part of the uptake kinetics, we set the uptake rate, p , equal to the assimilation rate, Ip (µmol P cell -1 h -1 ) when the internal phosphate pool, P p (µmol P cell -1 ) was equal to the maximum, P pmax , and p from equation (6) exceeded Ip . In addition, a threshold parameter was introduced in the silicate uptake by S. costatum as recommended by Paasche (Paasche, 1973) . si = simax ϫ (DSi -DSi 0 )/{K si + (DSi -DSi 0 )} (7) where, Si and Simax are the silicate uptake rate and its maximum (µmol Si cell -1 h -1 ), DSi is the silicate concentration (µmol Si l -1 ), and K Si is the half-saturation constant for silicate uptake (µmol Si l -1 ). As for phosphate, the rate of uptake was constrained by the maximum rate of assimilation: Si was set to Isi (the silicate assimilation rate, µmol Si cell -1 h -1 ), when P Si (the internal silicate pool, µmol Si cell -1 ) was equal to the maximum, P Simax and DSi was high enough to support Si ≥ Isi .
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The processed nutrient model proposed by Davidson and colleagues was applied for the growth of A. tamarense (Davidson et al., 1993; Davidson and Cunningham, 1996) ,
where µ p and µЈ pmax are the growth rate for phosphorus limitation (day -1 ) and its maximum at Q pmax (day -1 ). Q pmin is the minimum phosphorus cell quota (µmol P cell -1 ), and Tsuruta et al. (1985) ; 6, Langdon (1987); 7 Petipa et al. (1970) ; 8 Anderson and Stolzenbach (1985) ; 9, Smayda (1970) ; 10, Anderson and Lindquist (1985); 11, Yamaguchi, personal communication; 12, Yamaguchi et al. (1995); 13, Takasugi et al., (1998); 14, Raillard et al. (1993); 15, Marshall (1973); 16, Kawamiya et al. (1995) .
T. YAMAMOTO ET AL. MODELLING THE POPULATION DYNAMICS OF A. TAMARENSE

C p is the processed phosphorus in the cell (i.e. Q p -P p )(µmol P cell -1 ), respectively. On the other hand, the Droop equation (Droop, 1983) was used for the growth of S. costatum.
Where, µ Si and µЈ Simax are the growth rate for silicate limitation and its maximum at Q Simax (day -1 ), and Q Simin is the minimum silicon cell quota (µmol Si cell -1 ), respectively. Furthermore, Blackman's rate-limiting concept (Cullen et al., 1992) was considered for S. costatum, because this species utilizes both phosphate and silicate.
µ N = MIN{µ p , µ si } (10)
For the encystment processes of A. tamarense, we assumed that cyst formation is triggered by lowering the phosphorus cell quota. That is, the encystment rate (En; day -1 ) was set at 0.2 for Q p ≤ 0.72 ϫ 10 -5 µmol cell -1 , and at 0 for Q p > 0.72 ϫ 10 -5 . This assumption was based on the observations of Anderson and Lindquist who showed that phosphate depletion is a key factor controlling the encystment process (Anderson and Lindquist, 1985) . As for the excystment processes of A. tamarense, we used the reported data of cyst density in the surface sediments of northern Hiroshima Bay and Kure Bay; 2000, 100 and 10 000 cysts cm -3 for the bottom of Box1, Box2 and Box3, respectively (Yamaguchi et al., 1995; Takasugi et al., 1998) . Considering these cyst densities are from the surface 1 cm, then we assumed that the cysts residing in the upper half (5 mm) are able to germinate but those in the deeper layer are unable to do so for lack of oxygen (Anderson et al., 1987) . In the present model, we assumed an excystment rate (Ex) of 0.007 day -1 during the day (Dr M. Yamaguchi, mineo@nnf.affrc.go.jp, the Seto Inland Sea Research Institute, personal communication) and a rate one-eighth of this during the night [based on the observations of (Anderson et al., 1987) ]. From these, recruitment of new vegetative cells by the excystment process (Rct; cells cm -2 day -1 ) was expressed as Rct = Ex ϫ 0.5N cyst for I iL > 0 and Rct = Ex ϫ 0.5N cyst /8 for I iL = 0. We assumed that the excystment rates did not change during the entire study period. Although it is known that S. costatum also forms temporary cysts in its life cycle, we did not consider it in the present model due to lack of knowledge.
Vertical migration, sinking and death by senescence of cells were considered in the model. We assumed that phototaxis of A. tamarense makes them go up to the upper layer from the lower layer during the day time with a swimming speed (SS) of 0.62 m h -1 (14.88 m day -1 ) (Anderson and Stolzenbach, 1985) . On the other hand, we assumed that during the night, when Q p decreases less than 2Q pmin , they go down with the same swimming speed to the lower layer (MacIntyre et al., 1997) . Therefore, the increasing/decreasing rate in the cell number of A. tamarense in each layer due to the vertical migration is presented using the cell density in the upper and lower box of Box i (N AiU and N AiL respectively, in cells l -1 ): N AiL ϫ SS ϫ Av i and -N AiL ϫ SS ϫ Av i for Q pi > 2Q pmin and I > 0, and -N AiU ϫ SS ϫ Av i and N AiU ϫ SS ϫ Av i for Q pi ≤ 2Q pmin and I = 0.
The sinking rate of S. costatum [SV = 0.7 m day -1 ; (Smayda 1970) ] was regarded to be constant during the study period. Therefore, the increasing/decreasing rates in the cell number of S. costatum in the upper and the lower layer due to the sinking were calculated as -N SiU ϫ SV ϫ Av i and N SiU ϫ SV ϫ Av i -N SiL ϫ SV ϫ Av i .
Mortality with senescence [0.05 day -1 ; (Petipa et al., 1970) ] was applied for both species. For the other two generic groups of phytoplankton, D and F, observed cell densities were used in the model. This means no mortality, sinking, migration and growth functions depending on temperature, salinity, light intensity and nutrients were considered. But only parameters relating to uptake kinetics ( p , si , K p , K si ) and maximum cellular contents of P and Si (Q pmax , Qsi pmax ) were assigned for them as shown in Table II . Therefore, the compartments D and F along with A. tamarense and S. costatum are accounting for circulation processes of phosphate and silicate in the system.
Since, on average, the length of wire from which cultured oysters are hung in Hiroshima Bay is 8 m, we assigned a standing stock of cultured oysters [9.28 ϫ 10 8 individuals; (Hiroshima City Fisheries Promotion Center, 1996) ] in the proportions of 5 : 3 for the ratio of the upper layer to the lower layer, respectively. The mean wet weight (WW; g) of oysters [15.7 g/ind.; (Hiroshima City Fisheries Promotion Center 1996)] was converted to the dry weight (DW; g) using the equation proposed by Kobayashi et al. (Kobayashi et al., 1997) .
Filtering rate by oyster (F o ; ml ind -1 day -1 ) is a function of both the individual weight (DW) and temperature (T ) (Raillard et al., 1993) . We assumed that 35% of the phosphorus in phytoplankton cells filtered by oysters would be eliminated as particulate organic faeces (Kusuki, 1977) , and 8% would be excreted as dissolved inorganic phosphate (Richard et al., 1989) , respectively. Therefore, we calculated that the We assumed that 70% of zooplankton individuals caught by the vertical net hauls are herbivorous copepods (Hirota, 1980) . Roughly speaking, the remaining 30% seems to consist of small ciliates, Noctiluca and copepod nauplii. A constant filtering rate by copepods of 25 ml ind -1 day -1 (Marshall, 1973) was assumed, and 30% of grazed phytoplankton cellular phosphorus was assumed to be eliminated as faeces (Kawamiya et al., 1995) and 2% to be excreted as phosphate (Butler et al., 1970) . Then, the phosphorus egested as faeces and excreted as dissolved phosphate by zooplankton (mol P l -1 day -1 ) was calculated as F z N z ϫ ∑Q P N p ϫ 0.3 and F z N z ϫ ∑Q P N p ϫ 0.02. Where, N z is the zooplankton density (ind l -1 ).
The faeces from both oysters and zooplankton as well as the naturally dead phytoplankton cells were assumed to decompose and remineralize phosphate exponentially depending on temperature (Kawamiya et al., 1995) . (13) Where, D is the decomposition rate (mol P l -1 day -1 ), EG o and EG z are the above mentioned faeces production rate of oysters and zooplankton (F o N o ϫ ∑Q P N p ϫ 0.35 and F z N z ϫ ∑Q P N p ϫ 0.3 in mol P l -1 day -1 ) and M is the phytoplankton mortality (day -1 ).
Combining all the physiological and ecological processes with the physical processes described above, the time changes in cell density of A. tamarense and S. costatum were calculated as follows, 
dN S1L /dt = {A 12L Kh 12L (N S2L -N S1L )/x 12 + A 13L Kh 13L (N S3L -N S1L )/x 13 + Av 1 Kv 1 (N S1U - 
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Our model reasonably reproduced the bloom of both A. tamarense during May through June, and the bloom of S. costatum in April (Figure 3a and 3b) . Small fluctuations in the calculated cell density are due to cessation of cell division during the night. The broad range in the observed cell density, particularly of A. tamarense, is due to their patchy distribution in the innermost station. Calculated concentrations of both phosphate and silicate in sea water also showed a close relationship with the field observations (Figure 3c and 3d) . The model outputs of silicate in the lower boxes were at the lowest range of the observed values. This must be caused by no consideration of Si regeneration in the water column. The regeneration was taken into consideration for phosphate but not for silicate, because no appropriate information was available. Figure 4 shows the contribution of each major process on the variation of cell densities of S. costatum and A.
tamarense. Cell growth always results in increases in the cell density of both species. In the lower boxes, however, the growth rate of A. tamarense was low, indicating light-limitation. The light intensity in the beginning of March, averaged for the lower boxes (ca. 80 µmol m -2 s -1 ), is considered to be critical for the growth of A. tamarense judging from the compensation light intensity (76.0 µmol m -2 s -1 ). The growth-irradiance curve (Yamamoto and Tarutani, 1997) we applied in our model seems to be somewhat different from the usual ones, showing rapid transition from the compensation light intensity (76.0 µmol m -2 s -1 ) to near saturation at 80 µmol m -2 s -1 . Yamamoto and Tarutani explained that local heterogeneity of the light field in the test tube used might have been the cause for the unusual curve (Yamamoto and Tarutani, 1997) . Nonetheless, a recent article by Hamasaki et al. (Hamasaki et al., 2001) , in which they used a strain isolated from Hiroshima Bay in the same year, supports the result of Yamamoto and Tarutani (Yamamoto and Tarutani, 1997) , showing that the light intensity of 80 µmol m -2 s -1 would be critical for growth.
Advection and diffusion were important processes that may either increase or decrease cell densities. For S. costatum, the effect of these processes was both positive and negative in all boxes during the study period (Figure 4a ). For A. tamarense (Figure 4b ), advection and diffusion decreased the cell density in Box1U balancing the cell growth, while it increased the cell density in Box2U and Box1L. This can be explained by the gradient of cell density between these boxes.
Sinking is one of the major processes that act as a factor decreasing cell densities in case of S. costatum (Figure 4a ). On the other hand, encystment is a crucial parameter affecting the population dynamics of A. tamarense which ultimately terminates the bloom (Figure 4b ). Encystment occurs more in the surface layer of Box2 rather than Box1. This is due to the phosphate depletion that often occurs in Box2U because there are no substantial phosphate sources being transported into the box as there are in Box1U. Grazing does not seem to be an important factor in this bay, as indicated by the small contribution to the decrease in cell densities.
Here we have presented the framework of a species competition model which has been applied to the population dynamics of A. tamarense in Hiroshima Bay, and have discussed the important controlling parameters. We are now carrying out sensitivity analyses of all the parameters to improve the model towards identifying measures which may be taken to reduce the risk that toxic phytoplankton blooms present to oyster cultivation in this area.
